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Adenosine-Induced Stress Myocardial
Perfusion Imaging Using Dual-Source
Cardiac Computed Tomography
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Objectives This study sought to determine the feasibility of performing a comprehensive cardiac computed tomographic
(CT) examination incorporating stress and rest myocardial perfusion imaging together with coronary computed
tomography angiography (CTA).
Background Although cardiac CT can identify coronary stenosis, very little data exist on the ability to detect stress-induced
myocardial perfusion defects in humans.
Methods Thirty-four patients who had a nuclear stress test and invasive angiography were included in the study. Dual-
source computed tomography (DSCT) was performed as follows: 1) stress CT: contrast-enhanced scan during
adenosine infusion; 2) rest CT: contrast-enhanced scan using prospective triggering; and 3) delayed scan: ac-
quired 7 min after rest CT. Images for CTA, computed tomography perfusion (CTP), and single-photon emission
computed tomography (SPECT) were each read by 2 independent blinded readers.
Results The DSCT protocol was successfully completed for 33 of 34 subjects (average age 61.4  10.7 years; 82%
male; body mass index 30.4  5 kg/m2) with an average radiation dose of 12.7 mSv. On a per-vessel basis,
CTP alone had a sensitivity of 79% and a specificity of 80% for the detection of stenosis 50%, whereas SPECT
myocardial perfusion imaging had a sensitivity of 67% and a specificity of 83%. For the detection of vessels with
50% stenosis with a corresponding SPECT perfusion abnormality, CTP had a sensitivity of 93% and a specific-
ity of 74%. The CTA during adenosine infusion had a per-vessel sensitivity of 96%, specificity of 73%, and nega-
tive predictive value of 98% for the detection of stenosis 70%.
Conclusions Adenosine stress CT can identify stress-induced myocardial perfusion defects with diagnostic accuracy compara-
ble to SPECT, with similar radiation dose and with the advantage of providing information on coronary
stenosis. (J Am Coll Cardiol 2009;54:1072–84) © 2009 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2009.06.014A
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ccepted June 2, 2009.lthough cardiac computed tomography (CT) has shown
ery good diagnostic accuracy for the detection of coronary
rtery disease (CAD), the physiologic significance of many
esions can be uncertain (1). Furthermore, the presence of
alcified atherosclerotic plaque reduces the ability to differ-
ntiate significant stenosis from nonobstructive plaque.
See page 1085
hus, invasive angiography or perfusion imaging by single-
hoton emission computed tomography (SPECT), positron
mission tomography, or magnetic resonance imaging
MRI) are often better suited for accurately identifying
bstructive or physiologically significant disease in these
atients.
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September 15, 2009:1072–84 Adenosine-Induced Stress CTExtensive data regarding the prognostic value of myo-
ardial perfusion imaging (MPI) have shown that the
mount of infarcted and ischemic burden correlates with
ong-term outcomes and can help decide which patients are
est suited for revascularization versus medical therapy
2,3). It follows that the ability to combine anatomical data
rom computed tomography angiography (CTA) together
ith the physiological significance provided by perfusion
ay be beneficial (4,5).
The ability of CT to identify rest myocardial perfusion
efects (i.e., areas of myocardial infarction) has been shown
n both animal and human studies (6–10). Such studies have
hown that areas of hypoenhanced regions on multidetector
T correspond directly to perfusion defects visualized on
RI and areas of myocardial infarction seen on triphenyl
etrazolium chloride staining. These and other studies
howed that iodinated contrast agents used in CT have
imilar kinetics to gadolinium used in MRI (11). Thus,
maging performed immediately after contrast administra-
ion shows areas of hypoenhancement corresponding to a
erfusion defect (i.e., delayed wash-in of contrast) and
elayed imaging acquired 5 to 10 min after contrast admin-
stration may show regional delayed hyperenhancement
orresponding to areas of myocardial necrosis or scar (i.e.,
elayed wash-out of contrast) (11). More recently, animal
odels of stenosis and preliminary human studies have
hown that CT can also diagnose areas of ischemic myo-
ardium under adenosine-induced stress (12–14).
The feasibility and accuracy of performing a comprehen-
ive CT examination incorporating coronary imaging, stress
nd rest myocardial perfusion, and delayed enhancement
DE) imaging in humans is unknown. Therefore, we sought
o determine the feasibility and diagnostic accuracy of
denosine mediated stress dual-source computed tomogra-
hy (DSCT) in identifying hemodynamically significant
tenosis as compared with nuclear MPI using invasive
ngiography as the reference standard.
ethods
atient population. Eligible participants for the study
ncluded 767 consecutive patients in our institution who
ere 40 years of age, underwent a nuclear stress test, and
ere referred for or had a high likelihood to undergo
nvasive angiography. Assessment for eligibility was based
n screening the following 2 populations: 1) all patients
cheduled to undergo clinically indicated invasive angiogra-
hy who have had a prior nuclear MPI within the previous
months; and 2) all patients who underwent nuclear MPI
nd were found to have high-risk features (i.e., high
ikelihood to be referred for invasive angiography). Reasons
or exclusion included unstable clinical status, acute coro-
ary syndrome, asthma, critical aortic stenosis, and known
llergy to iodinated contrast. Figure 1 summarizes the
atient flow and specific reasons for exclusions. The CT
esults were blinded and were not provided to the referring ohysician, and thus did not influ-
nce the decision to undergo car-
iac catheterization. The study
as approved by an institutional
eview board (Partners Health
are System), and all subjects
ave informed consent.
mage acquisition: comprehen-
ive CT protocol. Patients were
nstructed not to consume any
affeine for at least 24 h before
he scan. On arrival, 2 intrave-
ous lines were inserted (18
auge for contrast delivery; 20
auge for adenosine infusion).
iven that commonly used med-
cations in cardiac CT (i.e., nitro-
lycerin, beta-blockers) may have
n impact on myocardial perfu-
ion (15), no medication other
han adenosine was administered.
The CT was performed on the
4-slice DSCT scanner (Defini-
ion, Siemens Medical Systems, Forchheim, Germany) with
gantry rotation time of 330 ms. A flying focus along the
-axis (z-sharp technology) was used to acquire 64 overlap-
ing 0.6-mm slices using two 32-detector rows. The result-
ng temporal resolution was 83 ms.
Figure 2 shows the CT protocol involving the stress, rest,
nd DE acquisitions. After scout images were obtained,
ontrast timing was determined with the use of a test bolus
f 10 to 15 ml of contrast. Flow rate for the test bolus and
or image acquisition was typically 4 to 5 ml/s and was
ollowed by a 20-ml flush of saline. Subsequently, for both
he stress and rest scans, image acquisition timing was
etermined by adding 2 to 4 s to the time of peak contrast
nhancement in the ascending aorta to allow perfusion of
he myocardium.
After the test bolus, adenosine infusion was started at 140
g/kg/min. A retrospectively gated scan with tube current
odulation and pitch adaptation was obtained 3 min after
he initiation of the infusion. Tube voltage (kV) and current
mAs) were chosen based on the patient’s body habitus.
lthough 120 kV was used for the majority of patients, 100
V was used for those with a body mass index 30 kg/m2
ho were nonobese (i.e., weight 220 lbs).
Typical contrast dose for this portion of the examination
as 65 ml of iopamidol delivered at a rate of 4 to 5 ml/s.
hroughout the infusion, patient symptoms, heart rate,
lood pressure, and electrocardiogram were monitored by a
ardiologist. Table 1 summarizes the CT scan parameters.
Immediately after the stress CT, the adenosine infusion
as discontinued. On symptom resolution and return of
eart rate to baseline (typically 5 min), the rest CT scan was
Abbreviations
and Acronyms
CAD  coronary artery
disease
CT  computed
tomography
CTA  computed
tomography angiography
CTP  computed
tomography perfusion
DE  delayed enhancement
DSCT  dual-source
computed tomography
MPHR  maximal
predicted heart rate
MPI  myocardial perfusion
imaging
MRI  magnetic resonance
imaging
SPECT  single-photon
emission computed
tomographybtained. To reduce radiation exposure, rest CT used
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Adenosine-Induced Stress CT September 15, 2009:1072–84rospective triggering (Sequential Scanning, Siemens Med-
cal Systems) at 65% of the RR interval (16). The rest CT
sed the same tube voltage and a similar tube current as the
tress scan. As was also the case for the stress CT scan, tube
urrent was chosen individually for each patient based on
ody habitus. The typical contrast dose for this portion of
he examination was 65 to 75 ml of iopamidol delivered at
rate of 4 to 5 ml/s.
To detect areas of DE, a third scan was then performed
min after the rest scan. The following actions were used to
educe radiation dose: 1) 100 kV for all but 1 patient, who
eceived 80 kV; 2) collimation was increased from 0.6 to 1.2
m; and 3) prospective triggering at 65% of the RR
nterval. The tube current (mA) used for the DE scan was
imilar to the value chosen for the rest scan.
uclear stress testing. All nuclear SPECT examinations
ere performed according to standard institutional clinical
rotocols. Among the 34 study participants, 12 underwent
denosine SPECT MPI, whereas the remaining 22 had
xercise SPECT MPI. Among the 22 exercise stress tests,
he average exercise time was 7 min and 10 s and the average
orkload achieved was 7.8 METs. The average percent of
aximal predicted heart rate (MPHR) was 85.2%. Thirteen
atients (3 of whom had 85% MPHR) developed chest
ain during the examination.
An adequate stress test was defined as: 1) achieving
Figure 1 Flow Diagram of Patients Eligible for Recruitment and
Of 767 patients meeting inclusion criteria, 369 were excluded; 42 patients compl
out of which 34 also underwent invasive angiography. ACS  acute coronary synd85% of MPHR; 2) any test using adenosine; or 3) patient ueveloping chest pain during exercise testing. Although only
4% of exercise tests achieved MPHR 85%, 79% of stress
ests were considered adequate. None of the patients who
ailed to achieve an adequate test had significant electrocar-
iogram changes during exercise.
Patients were injected with 10 mCi of 99mTc sestamibi at
est, and SPECT images were acquired with a dual-detector
amma camera, with 64 projections, each for 20 s, in a
oncircular 180° orbit. In addition, an exercise or pharma-
ological stress test (intravenous adenosine infusion at 140
g/kg/min for 5 min) was performed with 30 mCi of 99mTc
estamibi. After 30 to 60 min, gated SPECT images were
btained and assessed for myocardial perfusion.
mage processing and interpretation. SPECT MPI . All
PECT MPI images were analyzed by 2 experienced
ertification Board of Nuclear Cardiology-certified in-
ependent readers (L.S. and W.M.), and any areas of
iscrepancy were then resolved by a third experienced
enior reader (H.G.). Using the 17-segment model rec-
mmended by the American College of Cardiology/
merican Heart Association/American Society of Nu-
lear Cardiology (17), semiquantitative visual assessment
f myocardial perfusion was performed using a 4-point
coring system (0  normal, 1  mild reduction of
adioisotope uptake, 2  moderate reduction of radio-
sotope uptake, 3  severe reduction of radioisotope
sons for Exclusion
e computed tomography (CT) stress perfusion scan,
CABG  coronary artery bypass grafting surgery; ECG  electrocardiogram.Rea
eted th
rome;ptake). For each patient, summed rest score and
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September 15, 2009:1072–84 Adenosine-Induced Stress CTummed stress score were calculated by adding the
orresponding scores of the 17 segments for the rest and
tress images.
Figure 2 Comprehensive Computed Tomography Protocol
See the Methods section for detailed explanation. After scout images and test bo
later, a contrast-enhanced stress perfusion scan was acquired using retrospective
perfusion scan was acquired. This was a contrast-enhanced scan using prospectiv
delayed enhancement scan was acquired.
T Perfusion Scan ParametersTable 1 CT Perfusion Scan Parameters
Parameter
Stress/
CT Angiography Rest DE
Image quality
(using subjective 1–4 scale)
3.10.7 3.40.7 2.80.8
Heart rate (beats/min)
Minimum 7315 5911 6112
Maximum 8717 7816 8017
Mean 7913 6811 6812
Mean variability
(maximumminimum)
1419 1916 2018
Scan acquisition time (s) 73 113 72
Pitch 0.360.08 — —
kV 1168 1168 1005
mAs (stress)/mA*
(rest and DE)
3397 18134 18320
CT dose index volume 34.813.8 9.52.7 5.81.6
Scan length (cm) 15.62.7 12.61.8 12.71.7
Dose length product 537228 11935 7319
Effective radiation exposure
(mSv)
9.13.9 2.00.6 1.20.3
Contrast dose (ml) 653 673 0.00.0
For retrospective triggering (helical scanning), mAs  total tube current X gantry rotation time
0.33s]; for prospective triggering (sequential scanning), mA total tube current X exposure timec
0.2s].
CT  computed tomography; DE  delayed enhancement.NVASIVE ANGIOGRAPHY. All invasive coronary angiogra-
hy images were sent to an offsite core laboratory (Har-
ington McLaughlin Heart and Vascular Institute, Case
estern Reserve University, Cleveland, Ohio), where
linded quantitative coronary assessment was performed for
he entire coronary system (CAAS II system, Pie Medical,
aastricht, the Netherlands) to determine the percent
tenosis of each coronary segment.
OMPUTED TOMOGRAPHY PERFUSION (CTP). Before evalu-
tion of perfusion, raw data were used to reconstruct stress,
est, and DE datasets at 65% of the RR interval using an
xtra smooth filter (Siemens B10) with slice thickness of 0.7
m and overlap of 0.4 mm.
To ensure appropriate and consistent coregistration of all
mages, internal fiducial markers (e.g., mitral annular ring,
eft ventricular apex, pulmonary vasculature) and spatial
ocalization coordinates available in the software (Circula-
ion, Siemens) were used to coregister the stress, rest, and
E images.
For each dataset, a double oblique technique was used to
reate true short-axis, 10-mm-thick multiplanar reformats
mages. Thicker slices were chosen because the increased
oxel size results in decreased image noise and improves
ontrast resolution for visualization of normal and ischemic/
nfarcted myocardium.
For assessment of CTP analysis, the standard Ameri-
re performed, adenosine infusion was started at 140 g/kg/min. Three minutes
and tube current modulation. Once the heart rate returned to baseline, the rest
ering. Approximately 7 min later, a low tube voltage, prospectively triggeredlus we
gating
e triggan College of Cardiology/American Heart Association
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Adenosine-Induced Stress CT September 15, 2009:1072–847-segment model was used. Semiquantitative per-
egment analysis was performed by simultaneous visual-
zation of short-axis images obtained from stress, rest,
nd delayed acquisitions. Narrow window and level
ettings were used (typically W200, L100), although the
eading physician was allowed to adjust these display
ettings as needed.
After initial evaluation of thick multiplanar reformat
hort-axis images, readers were allowed to examine mul-
iphase cine data from the stress CT scan (available in
-chamber, 4-chamber, and short-axis views). Subse-
uently, global and regional wall motion abnormalities were
oted. In addition, any areas of questionable perfusion
efects were examined in both systolic and diastolic phases
o differentiate potential artifacts (e.g., defect only present
n 1 phase) from true perfusion defects (e.g., defect present
n multiple phases and can be seen during both systole and
iastole) and potentially associated to an area of regional
all motion abnormality (6,18). By using this methodology,
pproximately 20% of potential defects were ultimately
lassified as artifacts.
All CT stress, rest, and DE images were independently
nalyzed by 2 experienced readers (R.B. and R.C.C.) who
ere blinded to all patient and clinical data, including CT
oronary angiographic findings. A joint consensus reading
ession was then performed to resolve any discrepancies, and
onsensus was achieved in all cases.
Each of the 17 segments was scored based on the absence
r presence of a perfusion defect. Perfusion defect severity
as graded as transmural (50%) versus nontransmural
50%). Reversibility was defined as follows: 0 none, 1
inimal, 2  partial, 3  complete.
For each dataset (i.e., stress, rest, DE), image quality was
etermined by use of a subjective scale: 1  poor, 2 
oderate, 3  good, 4  excellent.
TA. Raw data obtained during the stress CT was used to
econstruct images at every 10% of the cardiac cycle length
sing a standard cardiac filter (Siemens B26f) with slice
hickness of 0.7 mm and overlap of 0.4 mm. The resulting
ultiphase dataset was used for CTA analysis. Of note, by
esign, our rest acquisition was optimized solely for the
valuation of myocardial perfusion (i.e., no nitroglycerin was
dministered because it has the potential to alter perfusion
emodynamics [15] and data were acquired during a single
arrow phase of 65%).
The CTA analysis was performed by 2 experienced
eaders (L.S. and I.R.) who were blinded to all patient and
linical data, including CT and SPECT perfusion data.
henever joint agreement could not be achieved, consensus
as established by use of a third senior reader (R.C.C.).
ach segment was graded as follows: 0  normal, 1  mild
isease (1% to 40%), 2  moderate disease (41% to 70%), 3
significant stenosis or occluded (71% to 100%), or 4 
ninterpretable. Subjective image quality (1  poor, 2  Hoderate, 3  good, 4  excellent) was noted for each
egment.
atching of perfusion-based segments to corresponding
ascular territory. To ensure correct association of the 17
yocardial segments with the correct vascular territory,
ngiographic visualization of vessel dominance was used to
ecide which vessel supplies the inferior and inferoseptal
erritories. In addition, depending on whether obtuse mar-
inal or diagonal branches supplied the anterolateral wall,
ither the left circumflex or left anterior descending vessel
as designated as supplying the basal and mid anterolateral
all.
etermination of reference standard. For all patients,
bstructive CAD on invasive angiography (stenosis
aseline Characteristics of PatientsTable 2 Baseline Characteristics of Patients
Characteristics Total (n  34)
Risk factor/demographics
Age (yrs) 61.4 10.7
Male sex (%) 82.4
Diabetes mellitus (%)* 32.4
Hypertension (%) 88.2
Dyslipidemia (%)* 85.3
Obesity (BMI 30 kg/m2) (%) 41.2
Family history of CAD (%)* 50.0
Weight (lbs) 201.3 35.5
BMI (kg/m2) 30.4 5.4
Smoking status (%)
Current 17.7
Never 29.4
Former 52.9
Ethnicity (%)
Caucasian 79.4
Black 14.7
Hispanic 5.9
Prior medical history (%)
Previous angina 64.7
Prior myocardial infarction 35.3
Peripheral vascular disease 5.9
Prior CVA 0.0
Prior coronary revascularization 38.2
Biomarkers/lipids (mg/dl)
Total cholesterol 164.1 62.1
HDL cholesterol 46.0 18.7
LDL cholesterol 104.4 42.9
Serum triglycerides 149.4 76.0
Serum creatinine 1.1 0.2
Baseline medications (%)
Aspirin 64.7
Beta-blocker 70.6
Statin 79.4
Vital signs
Systolic blood pressure (mm Hg) 137.4 19.5
Diastolic blood pressure (mm Hg) 76.9 9.6
Heart rate (beats/min) 68.4 12.3
Family history, diabetes, and dyslipidemia classified per documentation in cardiologist note.
BMI  body mass index; CAD  coronary artery disease; CVA  cerebrovascular accident;
DL  high-density lipoprotein; LDL  low-density lipoprotein.
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September 15, 2009:1072–84 Adenosine-Induced Stress CT50% or 70%) was defined as the primary reference
tandard against which CTP and SPECT-MPI were
ompared.
Recognizing the limitations of comparing perfusion
efects with anatomical stenosis, CTP was compared
ith SPECT MPI. Moreover, the following additional
eference standards were tested: 1) any vessel that had
50% stenosis and a corresponding perfusion defect; and
) any vessel that had 50% stenosis or a corresponding
erfusion defect.
adiation dose. Effective radiation dose for each compo-
ent of the DSCT examination (stress, rest, and DE) was
alculated by multiplying the dose-length product provided
y scan console by a constant (k  0.017 mSv/mGy/cm).
o estimate radiation dose for SPECT MPI, total mega-
ecquerel was converted to millisievert.
tatistical analysis. Data analysis was performed using
tata IC version 10.0 (StataCorp LP, College Station,
exas). All continuous variables were expressed as mean
SD, whereas categorical variables were expressed as
ercentage. Differences in continuous variables were
ssessed using Student paired t tests. The McNemar test
as used to calculate differences between proportions
i.e., sensitivity and specificity) obtained from paired
bservations. The area under the receiver-operator char-
cteristic curve (C-statistic) was calculated for all diag-
ostic testing strategies for which a gold standard was
vailable. The C-statistics were compared using the
Figure 3 Radiation Exposure of Stress Cardiac CT Versus SPEC
Estimated effective radiation dose in milisiverts (mSv) is shown for cardiac compu
computed tomography (SPECT) myocardial perfusion imaging (MPI) (red bars). TheOCCOMP statistic (StataCorp LP). A p value 0.05
as considered statistically significant.
esults
atient population. Among the 34 study participants, the
verage age was 61.4 10.7 years, 82% were male, 32% had
iabetes, 88% had hypertension, and 85% had dyslipidemia.
he prevalence of obesity was 41%, and the average body
ass index was 30.4  5.4 kg/m2. There was a high
revalence of CAD: 64% had documented history of angina,
5% had a prior myocardial infarction, and 38% had a prior
evascularization procedure (Table 2).
nvasive angiography. On invasive angiography, 25
74%) patients had 50% stenosis and 17 (50%) patients
ad 70% stenosis in at least 1 coronary vessel. When
onsidering the extent of disease, 13 (38%) patients had
ingle-vessel disease, 7 (21%) had double-vessel disease,
nd 5 (15%) had triple-vessel disease. On a per vessel
asis, 41% of the 102 vessels studies had 50% stenosis,
hereas 22% had 70% stenosis.
PECT MPI findings. On SPECT MPI, 26 (76%) of the
4 patients and 38 (37%) of the 102 vascular territories had
erfusion abnormalities during stress. Of 38 vascular terri-
ories with abnormal SPECT MPI, 9 (24%) were fixed, 15
39%) were fully reversible, and 14 (37%) were partially
eversible. The average summed stress score was 5.5, and the
verage summed rest score was 2.9.
I
ography (CT) (blue bars) and single-photon emission
effective radiation dose was equivalent for the 2 modalities.T MP
ted tom
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Adenosine-Induced Stress CT September 15, 2009:1072–84easibility of comprehensive CT protocol. Adenosine-
nhanced stress CT was completed for all 34 patients
ithin 27  24 days after SPECT imaging. For 1 patient
he rest and DE scans were not performed because of
ersisting angina after the adenosine DSCT stress
xamination.
Table 1 displays the scan parameters of each portion of the
er Vessel and Per Patient Diagnosticccuracy of CT rfusion and SPECT MPITable 3 Per Vessel a d Per Patient DiagnosticAccuracy of CT Perfusion and SPECT MPI
Per Patient Per Vessel
CT perfusion versus invasive angiography stenosis 50%
Invasive angiography
50% () 23 33
50% () 2 9
50% () 3 12
50% () 6 48
Sensitivity 0.92 (0.74–0.99) 0.79 (0.63–0.90)
Specificity 0.67 (0.30–0.93) 0.80 (0.68–0.89)
PPV 0.89 (0.70–0.98) 0.73 (0.58–0.85)
NPV 0.75 (0.35–0.97) 0.84 (0.72–0.93)
C-statistic 0.793 0.793
SPECT versus invasive angiography stenosis 50%
Invasive angiography
50% () 23 28
50% () 2 14
50% () 3 10
50% () 6 50
Sensitivity 0.92 (0.74–0.99) 0.67 (0.51–0.80)
Specificity 0.67 (0.30–0.93) 0.83 (0.72–0.92)
PPV 0.89 (0.70–0.98) 0.74 (0.57–0.87)
NPV 0.75 (0.35–0.97) 0.78 (0.66–0.88)
C-statistic 0.793 0.750
CT perfusion versus invasive angiography stenosis 70%
Invasive angiography
50% () 16 19
50% () 1 3
50% () 10 26
50% () 7 54
Sensitivity 0.94 (0.71–1.00) 0.86 (0.65–0.97)
Specificity 0.41 (0.18–0.67) 0.68 (0.56–0.78)
PPV 0.62 (0.41–0.80) 0.42 (0.28–0.58)
NPV 0.88 (0.47–1.00) 0.95 (0.85–0.99)
C-statistic 0.676 0.769
SPECT versus invasive angiography stenosis 70%
Invasive angiography
50% () 16 16
50% () 1 6
50% () 10 22
50% () 7 58
Sensitivity 0.94 (0.71–1.00) 0.73 (0.50–0.89)
Specificity 0.41 (0.18–0.67) 0.73 (0.61–0.82)
PPV 0.62 (0.41–0.80) 0.42 (0.26–0.59)
NPV 0.88 (0.47–1.00) 0.91 (0.81–0.97)
C-statistic 0.676 0.726
alues for sensitivity, specificity, PPV, and NPV presented with 95% confidence intervals.
CT  computed tomography; MPI  myocardial perfusion imaging; NPV  negative predictive
alue; PPV  positive predictive value; SPECT  single-photon emission computed tomography.T protocol. With the use of adenosine, the average heart rate
*ncreased from 68 11 beats/min at rest to 79 13 beats/min
t stress, whereas the average heart rate variability (defined as
aximum heart rate minus minimum heart rate during acqui-
ition) decreased from 19 to 14 beats/min. Correspondingly,
he average image quality was 3.4  0.7 for rest scans and 3.1
0.7 for stress scans (p  0.001).
The average radiation exposure for the complete DSCT
rotocol was 12.7  4.0 mSv and did not differ from
PECT (12.7  0.4 mSv; p  0.99) (Fig. 3).
TA. Among the 34 CTA examinations, 11 (32%) pa-
ients had at least 1 nonevaluable segment. The most
ommon reason for limited evaluation was the presence of
xtensive calcium. The average image quality for CTA was
.5. Among the patients who had fully interpretable scans,
were normal, 4 had mild disease (40% stenosis), 4 had
oderate disease (41% to 70% stenosis), and 12 (52%) had
evere stenosis or an occluded vessel (70% stenosis).
hen the nonevaluable segments were considered to rep-
esent severe disease, 23 (68%) patients were categorized as
aving severe CAD.
iagnostic accuracy of CTA. When nonevaluable seg-
ents were considered to have significant disease, CTA had
sensitivity of 0.76 and 0.91 and specificity of 0.85 and 0.73
or detection of vessels with at least 50% and 70% stenosis,
iagnostic Accuracy of CTP With SPECTs Reference Standard for All Subjects (n  34)Table 4 Diag ostic Accuracy of CTP With SPECTas Reference Standard for All Subjects (n  34)
CTP Stress Versus
SPECT Stress
CTP Rest Versus
SPECT Rest*
Left anterior descending
Sensitivity 0.83 (0.52–0.98) 1.00 (0.48–1.00)
Specificity 0.64 (0.41–0.83) 0.72 (0.53–0.87)
PPV 0.56 (0.31–0.79) 0.39 (0.14–0.68)
NPV 0.88 (0.62–0.98) 1.00 (0.83–1.00)
C-statistic 0.735 0.857
Left circumflex artery
Sensitivity 0.87 (0.60–0.98) 0.78 (0.40–0.97)
Specificity 0.84 (0.60–0.97) 0.79 (0.58–0.93)
PPV 0.81 (0.54–0.96) 0.58 (0.28–0.85)
NPV 0.89 (0.65–0.99) 0.91 (0.70–0.99)
C-statistic 0.854 0.785
Right coronary artery
Sensitivity 0.82 (0.48–0.98) 0.67 (0.30–0.93)
Specificity 0.91 (0.72–0.99) 0.83 (0.63–0.95)
PPV 0.82 (0.48–0.98) 0.60 (0.26–0.88)
NPV 0.91 (0.72–0.99) 0.87 (0.66–0.97)
C-statistic 0.866 0.750
Per vascular territory (n  102)
prevalence of stress
perfusion
defects  0.37
(n  99)
prevalence of rest
perfusion
defects  0.23
Sensitivity 0.84 (0.69–0.94) 0.78 (0.56–0.93)
Specificity 0.80 (0.68–0.89) 0.78 (0.67–0.86)
PPV 0.71 (0.56–0.84) 0.51 (0.34–0.69)
NPV 0.90 (0.79–0.96) 0.92 (0.83–0.97)
C-statistic 0.819 9.779
alues for sensitivity, specificity, PPV, and NPV presented with 95% confidence intervals.
Includes 33 patients who completed the CT rest perfusion scan.
CTP  computed tomography perfusion; other abbreviations as in Table 3.
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September 15, 2009:1072–84 Adenosine-Induced Stress CTespectively. Correspondingly, the negative predictive value
as 0.84 and 0.97 for excluding lesions with at least 50%
nd 70% stenosis.
When confining this analysis to only evaluable segments,
he corresponding sensitivity, specificity, positive predictive
alue, and negative predictive value were 0.70, 0.94, 0.89,
nd 0.84, respectively, for detecting 50% stenosis and
.88, 0.83, 0.54, and 0.97, respectively, for detecting 70%
tenosis.
SCT stress perfusion and SPECT MPI. Figures 4 and
illustrate examples of CT perfusion images and how they
orrelate to nuclear perfusion imaging. CT stress perfusion
efects were identified for 26 of 34 patients (76%) and 45 of
02 vascular territories (44%). Of the 169 segments with
denosine-induced perfusion defects, 89 (53%) were graded
s nontransmural, whereas the remaining 80 (47%) seg-
ents were graded as transmural. Of the 44 vascular
erritories with abnormal CT stress perfusion for which CT
est images were obtained, 11 (25%) were fixed, 12 (27%)
ere fully reversible, and 21 (48%) were partially reversible.
On a per-patient basis, CTP had a sensitivity of 0.92 and
specificity of 0.67 for the detection of stenosis 50% and
sensitivity of 0.94 and specificity of 0.41 for the detection
f stenosis 70%. For the same patients, SPECT had an
Figure 4 Example of Single-Vessel Disease Identified by All Mo
A 59-year-old obese man with no prior cardiac history who presented with chest pa
anteroseptal, anterior, and anterolateral walls (A). (B) The CT angiography showed
reversible defect throughout the mid and apical anterior wall. (D) Invasive angiogra
takeoff of the first diagonal branch. LAD  left anterior descending; other abbreviadentical sensitivity and specificity for the detection of
tenosis 50% and 70% (Table 3).
Table 3 shows the per-vessel diagnostic accuracy of CTP
nd SPECT among the 34 subjects included in the study.
hen stenosis of 50% on invasive angiography was used
s the reference standard, the sensitivity and specificity were
.79 and 0.80 for CTP and 0.67 and 0.83 for SPECT (p 
.10 for differences in sensitivity, p  0.52 for differences in
pecificity). On the other hand, when stenosis of 70% on
nvasive angiography was used as the reference standard, the
ensitivity and specificity were 0.86 and 0.68 for CTP and
.73 and 0.73 for SPECT (p  0.25 for differences in
ensitivity, p  0.32 for differences in specificity). Thus,
TP showed equivalent sensitivity and specificity as com-
ared with SPECT. Furthermore, for both modalities,
hen a reference standard of 70% was used rather than 50%,
he sensitivity of perfusion for identifying anatomical ste-
osis increased and the specificity decreased. Consequently,
he negative predictive values of excluding at least 70%
tenosis were 0.95 for CTP and 0.91 for SPECT.
There was no significant difference when comparing the
-statistic (equal to the area under the receiver-operator
haracteristics curve) with SPECT and CTP for discriminat-
ng between patients with and without significant stenosis.
es
dyspnea on exertion. A CT perfusion showed a large perfusion defect in the
noncalcified plaque in the proximal LAD; (C) SPECT MPI images with fully
the left anterior oblique caudal view showing severe stenosis in LAD before the
as in Figure 3.daliti
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Adenosine-Induced Stress CT September 15, 2009:1072–84When the reference standard was defined as vessels that
ad both stenosis 50% and a corresponding SPECT
erfusion abnormality, CTP had a sensitivity of 0.93 and
pecificity of 0.74. On the other hand, when the reference
as defined to include all vessels with either stenosis 50%
r a corresponding SPECT perfusion abnormality, CTP
ad a sensitivity of 0.75 and a specificity of 0.88.
SCT stress and rest perfusion using SPECT MPI as a
eference. Table 4 provides the diagnostic accuracy of
tress and rest CTP to identify perfusion defects using
PECT imaging as the reference standard. On a per
ascular territory basis, stress CT had a reasonable accuracy
n identifying defects visualized on stress nuclear MPI.
imilarly, perfusion defects identified on rest CT identified
est nuclear MPI defects, although the accuracy of rest CT
eemed to be better for defects in the left anterior descend-
ng distribution than those present in the right coronary
rtery or left circumflex distribution.
E. Myocardial DE was visualized in 17 of the 33 patients
ho completed the protocol (see example in Fig. 6). The
uality of DE images was 2.8  0.8 and was significantly
ower than the corresponding score for the stress or rest
mages. On a per patient level, the accuracy of CT DE to
etect resting perfusion defects on SPECT was good, with
sensitivity of 0.82, specificity of 0.81, positive predictive
alue of 0.82, and negative predictive value of 0.81. When
his comparison was confined to the 16 DE scans that were
Figure 5 Example of CT Perfusion Identifying Multivessel Disea
A 60-year-old man with diabetes, dyslipidemia, hypertension, and a prior LAD sten
throughout the anteroseptum, anterior, anterolateral, and inferolateral segments.
erate stenosis in the left circumflex vessel. The SPECT study was read as normal
mal SPECT was caused by balanced myocardial ischemia. Abbreviations as in Figuhought to have good or excellent quality (i.e., image quality
core 3), the sensitivity was 1.00 and the specificity was
.89. All 17 patients who had evidence of DE had rest CTP
efects; however, there were 4 patients who had rest
erfusion defects who did not have any evidence of DE. In
ll of these cases the rest perfusion defects were nontrans-
ural. In addition, none of these 4 patients had a history of
I or percutaneous coronary intervention, and none of
hese 4 patients had any perfusion defects on rest nuclear
erfusion imaging.
iscussion
n one of the first human studies of adenosine-mediated
tress DSCT, we showed the feasibility of a novel cardiac
T protocol that combines stress and rest MPI together
ith coronary CTA in a single examination. Furthermore,
e showed that CT stress MPI has comparable diagnostic
ccuracy to SPECT in detecting hemodynamically signifi-
ant stenosis. Importantly, in this comprehensive CT
rotocol information on coronary anatomy, stress perfu-
ion, rest perfusion, function, and DE was available with
n average radiation exposure that was equivalent to
PECT.
Nuclear perfusion imaging has revolutionized the field of
ardiovascular imaging because it has allowed for an accu-
ate noninvasive method to detect physiologically significant
presented with chest pain. The CT perfusion (arrows) showed a perfusion defect
asive angiography, the patient had severe disease in the proximal LAD and mod-
ttenuation-related artifact in the inferior wall. It is likely that the apparently nor-
and 4.se
t who
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September 15, 2009:1072–84 Adenosine-Induced Stress CTAD while simultaneously providing robust prognostic
nformation that can help determine the need for further
atient management. Importantly, in appropriately selected
atients, nuclear MPI has been shown to be an efficient and
ost-effective strategy that can avoid the use of unnecessary
nvasive angiography (19). Nevertheless, SPECT MPI has
imitations because attenuation artifacts can lead to false-
ositive findings while balanced ischemia in the setting of
ultivessel disease may result in false negatives. Given these
onsiderations, a test that can provide both anatomical
isualization of coronary stenosis together with an accurate
hysiological assessment of perfusion would be beneficial.
lthough our study only represents a limited experience, it
uggests that CT could have an important role as a modality
hat would be able to simultaneously assess both anatomical
AD and its physiological consequences.
TP: pros and cons. An important advantage of CTP is
he ability to simultaneously visualize both coronary anat-
my and myocardial perfusion. In comparison to SPECT,
T has improved spatial resolution and may be better at
etecting small areas of ischemia or infarction. Further-
ore, CTP could offer improved accuracy for detecting
ultivessel disease because actual rather than relative blood
ow patterns are assessed, thus avoiding false negatives that
an occur in the setting of balanced myocardial ischemia.
owever, there are several limitations that are pertinent to
Figure 6 Example of Peri-Infarct Ischemia
A 63-year-old man with diabetes mellitus, hypertension, dyslipidemia, and prior my
sine infusion revealed a focal perfusion defect in the mid inferolateral segment. Th
Delayed-enhancement CT (B) showed subendocardial delayed enhancement along
stress perfusion defect. On invasive angiography (C; right anterior oblique caudal p
artery. Nuclear SPECT imaging (D) also showed a small infarct in the inferolateralTP. First, as is also the case with nuclear-based perfusion
maging, patients are exposed to ionizing radiation. Al-
hough in our study the total effective dose was equal for
PECT and CT, the distribution of the dose among the
ifferent organs in the body will differ (20). Second, in
omparison to regular CTA, a larger volume of iodinated
ontrast is required as both rest and stress images are acquired.
hird, there are artifacts, such as motion and beam hardening,
hat are unique to CT-based perfusion imaging.
omparing anatomy and perfusion. There are several
otential mechanisms that could explain minor discrepan-
ies between the CTP findings and invasive angiography.
or instance, some patients with previous myocardial in-
arction had perfusion defects but nonobstructive coronary
natomy (e.g., post-percutaneous coronary intervention or
fter a thrombus that spontaneously recanalized). In another
ase, a circumferential subendocardial perfusion defect was
resent during stress CT, although both invasive angiogra-
hy and SPECT were negative (Fig. 7). In this particular
ase, although all 3 vascular territories were classified as
aving a false-positive CTP, we suspect that microvascular
isease was present and caused the apparent defect. The
efect was not visualized with SPECT because it has a
ower spatial resolution than CT. Given that in some
ubgroups of patients, the presence of microvascular disease
i.e., syndrome X) is associated with worse prognosis
al infarction presented with near syncope. The CT perfusion (A) during adeno-
CT showed a very small subendocardial perfusion defect in the same territory.
ferolateral wall consistent with prior infarction in this region, smaller than the
ion), the patient had a subtotal occlusion of the mid left circumflex coronary
ith peri-infarct ischemia. Abbreviations as in Figure 3.ocardi
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Adenosine-Induced Stress CT September 15, 2009:1072–8421,22), it may be important to recognize such findings.
inally, some defects visualized on CTP correlated with
50% stenosis on quantitative coronary assessment and
ere classified as false positive. Such cases serve as a
eminder that the correlation between physiological signif-
cance of coronary disease and luminal stenosis is not
erfect.
tress coronary CTA. Despite the increased heart rate
bserved during adenosine administration, the absence of
itroglycerin, and the large extent of calcified plaque in our
atient population, we observed a reasonable accuracy of
tress coronary CTA. That similar accuracy has been re-
orted for rest CTA (23) implies that even during adenosine
dministration, it is still feasible to accurately identify
natomical stenosis with CTA. Given the higher temporal
esolution associated with the DSCT, it remains to be seen
hether this finding can also be validated in other scanners.
T DE. An additional aspect of our comprehensive pro-
ocol is that DE imaging was used. Although previous
tudies have shown the ability of CT DE to identify areas of
rior myocardial infarction (24–26), none of these studies
ere performed as part of a stress perfusion protocol. In our
tudy the added radiation dose of DE imaging was very low
average 1.2 mSv); however, the image quality of DE was
ignificantly lower than both the stress and the rest exam-
nations. In our protocol, DE was used together with the
est images to differentiate reversible from nonreversible
schemia; however, because rest perfusion defects were
resent for all patients who had DE, the added value of DE
Figure 7 Example of False-Positive CT Perfusion
An 84-year-old man with hypertension, dyslipidemia, and tobacco use who present
showed a circumferential subendocardial perfusion defect that on blinded reading
phy did not reveal any significant disease. Given that the patient has multiple risk
fied in this case are consistent with microvascular disease in the absence of signs uncertain. Thus, it remains to be seen if CT DE imaging sdds additional information over CT rest perfusion imaging
o be routinely incorporated as part of future stress perfusion
rotocols.
nticipated technological advances. Future technological
dvances in CT may enhance the diagnostic accuracy of
TP. Specifically, such improvements may include: 1)
mproved temporal resolution, which may reduce motion
rtifacts that are seen during increased heart rate induced by
denosine; 2) improved coverage in the z-axis, which may
educe slab and misregistration artifacts; 3) improved spatial
esolution; and 4) improved reconstruction algorithms, for
nstance, iterative reconstruction algorithms may lead to
urther optimizing the signal-to-noise and contrast-to-noise
atios, improve resolution, and may be more resilient to
otion artifacts.
tudy limitations. First, this is a single-center study, and
hus it would be important to validate these results in other
enters and in a multicenter fashion. Second, the assessment
f nuclear perfusion studies in our study is somewhat
imited by the fact that some patients had a suboptimal
orkload, which could result in reduced sensitivity of the
PECT MPI examination. Our study included patients
ith both known and suspected CAD. Although the
nclusion of patients with known disease allowed us to
nvestigate the use of perfusion imaging for detecting areas
f infarction and ischemia, this also may present several
ilemmas. For instance, patients who underwent a previous
ercutaneous revascularization in the setting of MI may
ave patent coronary arteries (caused by the presence of a
h pre-syncope. Evaluation of CT myocardial perfusion during adenosine infusion
ought to represent multivessel disease. The SPECT MPI and invasive angiogra-
s for microvascular disease, it is possible that the perfusion abnormalities identi-
epicardial coronary artery disease. Abbreviations as in Figure 3.ed wit
was th
factor
ificanttent) yet have infarcted myocardium. Nevertheless, CAD is
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September 15, 2009:1072–84 Adenosine-Induced Stress CTcomplex disease and many patients who present for an
valuation of suspected CAD have previously known dis-
ase. As such, it is important for any modality to be able to
ccurately evaluate such patients.
Although the primary aim of our study was to assess the
easibility of a comprehensive CT protocol using vasodilator
tress, we also reported and compared the diagnostic accuracy
f CTP to SPECT MPI. In doing so, it is important to note
hat our study design is prone to selection and verification bias.
election bias may be present in our design because
ecruited subjects generally had high-risk features on
PECT imaging. As such, many patients (but not all)
ad positive perfusion defects on SPECT MPI. This
ould bias the results toward higher false positives in the
PECT group; however, we found that false positives
ere slightly more common for CTP.
Finally, we showed that cardiac CT has an important
otential future role in MPI for detection of myocardial
schemia. However, based on our single-center experience, at
his time this technique should only be used as an investiga-
ional tool. Although future studies are needed to further
efine the diagnostic accuracy of combining CTA and CTP, in
atients already undergoing cardiac CT for evaluation of
oronary anatomy, rest perfusion defects, when present, can be
ery helpful in identifying areas of infarcted myocardium.
urrent and future research involving stress perfusion and DE
ill further define the future role of these developing tech-
iques for the identification of ischemic and infarcted myocar-
ium, respectively.
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